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Rotational Branching Ratios in N,*: Observation of Photon Energy Dependence
by Photoelectron Spectroscopy
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Rotational line profiles have been studied as a function of photon energy by use of photoelectron
spectroscopy. The relative squared multipole moment matrix elements ok t'n%; (v =0 —
X 22; (v = 0) transition of N have been determined from the relative intensities of rotational branches
for photon energies between 23 and 65 eV. The relative intensities, and hence the multipole moment
matrix elements of the rotational branches, are clearly dependent on photon energy. This non-Franck-
Condon-like behavior can be explained by a shape resonance wthe- ko, ionization channel.
[S0031-9007(98)06637-X]

PACS numbers: 33.60.Cv, 33.70.Jg

Even in the early days of photoelectron spectroscopypptical spectroscopy. They measured the fluorescence
considerable interest was directed towards the influence aff N,* and CO’, photoionized with synchrotron light.
rotations on photoelectron spectra of molecules [1,2]. Th&he fluorescence of the transitidhzzj — X 22; for
influence of photon energy on the rotational structure coulgh,” was investigated for photon energies of the ionizing
then be investigated only by using different types of resoradiation from 20 to 220 eV.
nance lamps [3]. The extremely small rotational spacing The synchrotron-radiation experiments in the present
made the use of broadband synchrotron radiation unsuitacetter were performed at the undulator beam line 9.0.1 at
for rotationally resolved photoelectron spectroscopy. Rethe ALS synchrotron facility. This is an extremely high
cent developments in synchrotron radiation technologysesolution beam line, capable of resolving powers of up to
notably high-brilliance third-generation facilities and new g /AE = 64000 [4,6]. This beam line is equipped with a
ultrahigh-resolution monochromators [4-6], as well asspherical grating monochromator with three interchange-
advances in photoelectron spectrometer design [7,8] havghle gratings for different energy ranges. A 380 line per
enabled synchrotron radiation photoelectron studies withhm grating was used for the photon energy range 23 to
rotational resolution. Baltzeet al. [9] have earlier pre- 45 eV, giving a linewidth of the exciting radiation vary-
sented rotationally resolved spectra of the= 0 vibration ing between 2 and 4 meV. At 65 eV, a 925 lines per
of the X and B states of N, recorded with unpolarized mm grating was used, with slits set to give a linewidth of
light from a He resonance lamp. We have recorded higharound 5 meV. The synchrotron radiation is almost com-
resolution photoelectron spectra of the same peaks Wwitpletely linearly polarized. The spectra were recorded at the
synchrotron radiation from the Advanced Light Sourcequasimagic anglg5° + 3° to the direction of polarization.
(ALS) in Berkeley, California, varying the photon energy The uncertainty in angle may introduceBadependence
between 23 and 65 eV. Results on mézg state are of the rotational branching ratios, which also may change
presented in the present paper. One should also note thgith photon energy. However, the error can be estimated
the rotational line profiles of th&, A, andB states of N°  to be of the order of at most 5%—10%, and will not affect
were estimated by Allen and Grimm using a deconvolutionthe qualitative result of the present Letter.
technique [10]. Moriokat al. [11] and Ogateet al. [12] The photoelectron spectrometer was a truncated hemi-
investigated theX' state in a similar way, but their resolu- spherical analyzer, described elsewhere [7,8]. To reduce
tion was inferior to that of Allen and Grimm. In all these the Doppler broadening, the sample gas was introduced as
cases, the energy resolution was inferior to that of Ref. [9]an effusive beam, perpendicular both to the ionizing radi-

With the ZEKE-PFI technique, several rotationally re- ation and the acceptance of the spectrometer. This was
solved studies of thi state of N" have been made, both vital to be able to resolve any rotational structure, since
extreme ultraviolet laser excited [13—15] and synchrotrorthe Doppler broadening would be 6.4 meV for tiestate
radiation excited [16]. These threshold experiments yieldlready athry = 23 eV. The beam had almost no cool-
quite different rotational branching ratios than conven-ing effect, so the gas was at room temperature when it was
tional photoelectron spectroscopy. Merkt and Softley [13Jonized. In the ionizing region, electrodes were used for
have shown that this is due to effects of rotational autoionactive potential correction of radiation induced work func-
ization in the ZEKE studies. tion drifts, as well as reduction of the plasma potential gra-

Poliakoff and co-workers [17-21] have studied thedients from the residual ions. The energy resolution in the
influence of photon energy on rotational populations usingynchrotron-radiation-excited spectra varied from 4 meV
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at 23 eV photon energy up to 10 meV at 65 eV photon
energy. One reason for this increase was that although N.* PES AN=0
the Doppler broadening was suppressed in the effusive 2 ’ i
beam, it still increased with the kinetic energy of the photo-
electrons. Another resolution degrading effect was fluctu-
ations in the synchrotron-radiation intensity by as much as
50%, with a frequency of about 10 Hz. This caused fast
variations of the plasma potential, which the active poten-
tial correction setup could not handle. The spectra were
recorded using a 50%2JN50% Ne mixture. The Neps/»
line at 21.565 eV was recorded simultaneously with the N
lines, in order to determine the spectrometer function and
to energy calibrate the spectra [22]. |
Figure 1 shows spectra of the >3 state for photon 15.64 15.60 15.56 15.52
energies of 23, 35, and 45 eV. The strong central peak cor- Binding Energy (eV)
responds to transitions where there is no change in the rota- L ,
tional quantum numbe¥, and the surrounding structures \'jilk?rét}c.m i{?ﬁg}r?tzrgg'rsatg';“g?’@fc':ggofdpeedd;% Vsztgg:e\(;
are brancfes where the_rotatlonal quantum numberchang&%m_dashed ine), _‘Sétu 35 eV ’(Iong-dashed line). and at
with AN = *2andAN = *4. OnlytransitionswWitlAN  j,, — 45 eV (solid line). Note that the central feature (the
even are allowed since this is¥" — X transition in AN = 0 branch) is stronger in ther = 23 eV spectrum than
a homonuclear diatomic molecule [23]. Transitions within the Ay = 35 eV and hv = 45 eV spectra. TheAN = 0
larger changes in rotational quantum number than 4 hav@ianch of thehr = 45 eV spectrum has a greater peak height

. . . an thehrv = 35 eV spectrum, and is also slightly broader.
too low intensity to show up in the spectrum. The energ)irhe relative intensity of theAN = 0 branch is higher at 45

resolution decreased with increased photon energy, so thgan at 35 eV, and must go through a minimum between 23
intensity cannot immediately be compared from the pealand 45 eV.

heights. Itis nevertheless obvious that the intensity of the

AN = 0 branch relative to thAN = *£2 andAN = *4 . .
uared reduced multipole moment matrix elements of the
branches has decreased at 35 and 45 eV compared to " o P
ransition. An example of such a fit is shown in Fig. 2.

23 eV spectrum. The peak height of thé/ = Obranch is This model is formally equivalent to the more commonl
greater for the 45 eV spectrum than for the 35 eV spectrum. y equl . y
. . X - used BOS model of Buckingham, Orr, and Sichel [25].
At 45 eV this branch is also broader, so it has a higher,” "~ - L o ;
o . . _As indicated above, the relative intensities of rotational
relative intensity at 45 eV than at 35 eV. The conclusion

is that the relative intensity of thAN = 0 branch has a
minimum between 23 and 45 eV. We have curve fitted th
spectra with the model of Xie and Zare [24] to obtain tfpe

X’5.", v=0
— hv=45eV

Intensity (arb. units)

branches vary with photon energy, and hence the multi-
ole moment matrix elements must vary too. Inthe curve
itting model, the energy positions of the individual rota-
tional states were calculated as

Eywnt) = Epoo) + BINT(NT + 1) = DYF[N'(N" + 1) = BN(N + 1) + DINN + )" (1)

Literature values were used for the rotational constants [26]. The intensities of the rotational lines were calculated
according to the following formula:

I 2
SN+ 1DENT + 1)(1(\)7 ]5 z\g ) |z (k, 0)2, 2
k

3+ (=Y (Cevoven pivwen?
L S kT

I(N,NT) =
(N,N7) 2

with the same notation as in Ref. [24]. The factolrsened, and one due to scattered molecules, which is fully
|7(k,0)]> are the squared reduced multipole momentDoppler and spectrometer broadened. The ratio between
matrix elements. Only reduced multipole moments withthese two contributions was found from the Ne line that
angular momenta = 4 were considered. k(= 0,2,4  was recorded simultaneously.

for AN =0, k =2,4 for AN = *2, and k = 4 for Plots of the squared reduced multipole moment matrix
AN = +4)) Compared with Ref. [24], a factor dof/3  elements|x(2,0)|> and |[m(4,0)|> relative to |m(0,0)|?

has been omitted, since only relative valued@fk,0)|>  versus photon energy are displayed in Fig. 3. For some
can be determined. The factf# + (—1)V]/2 is to ac- photon energies two spectra were recorded, and this gives
count for the nuclear spin degeneration of the ground staten estimate of the statistical scatter of the data. The
rotational population in Bl Each rotational state was coupling of the intensity of the rotational branches and
broadened with two Gaussians, one due to the Dopplgéhe multipole moments make the error estimation very
reduced effusive beam which is only spectrometer broaddifficult, and we have abstained from giving error limits.
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N AN=0 B state of CO as a result of alo — ko shape reso-
N, PES, ; nance. Weset al. [28] measured strong variations in the
hv =35eV v = 1:» = 0 vibrational branching ratio of thé& state
X 25+ y=0 of N," betV\_/et_an 20 and 40.eV photon energy, with the

g’ largest deviations from ordinary Franck-Condon behav-
ior around 35 eV, in agreement with theory [27,29]. Iga
AN=2 et al. [32] extended the study of West al. [28] to in-

R clude ther = 2 vibration and the angular distribution of
the vibrations, with similar results. In an analogous fash-
ion, the [(2,0)|?> and (4, 0)|*> squared reduced multi-
pole moment matrix elements both have maxima relative
the | (0, 0)]* squared reduced multipole matrix element at
around 30-35 eV. Apparently, the, shape resonance

15.64 1,5‘60 15.56 15.52 influences the rotational population in tHeZE; (v =0)

Binding Energy (eV) state, favoring largeAN transitions around the actual
FIG. 2. Experimental (dots) and fitted (solid line) spectra offéSonance. . . .
the X >3+ state of N* plotted together. The experimen- I conclusion, very high resolution vacuum ultraviolet
tal spectrum was recorded dtv — 35 eV. The rotational photoelectron spectra of the *S (v = 0) state in the
branches of the fit are also shown in the figure. N," molecule have been recorded with photon energies

ranging from 23 to 65 eV. The resolution of these spectra

The |m(2,0)|?> squared reduced multipole moment matrix has been sufficient to observe the rotational line profile
element has a maximum relatiig(0,0)|> at around Of this state. Curve fitting has been used to determine
30 eV. Except for at 65 eV, thém(2,0)|*> squared the squared reduced multipole moment matrix elements.
multipole moment matrix element is the greatest of thelhese have a clear dependence on photon energy, which
three. Thelm(4,0)|? squared reduced multipole moment can be explained by thdo, — ko, shape resonance.
matrix element has a maximum around 35 eV relative td?\S seen above, rotationally resolved photoelectron spectra
the |z(0,0)|? squared reduced multipole moment matrixcan be a very useful tool in studying the dynamics of
element. molecules, but further investigations, both experimental

TheX state has a well-known shape resonance [27-29nd theoretical, are needed to gain more insight. A natural
in the photon energy range that we have studied, and th@xtension of the present work would be to study fhe
could well influence the rotational branching ratio of theparameter of rotational branches or states as a function
molecule. Other authors have noticed influences of shapef photon energy. At present, this would be a difficult
resonances on rotational branching ratios [18,19,30,31gxperiment to perform with our equipment, since the
In particular, Poliakoffet al.[19] see an enhancement extremely high-resolution Uppsala spectrometer is not set
of large AN transitions at low photon energies in the Up for quick changes of angle.
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